The growth potential of embryonic axes of Acer saccharum Marsh. increased during moist storage at 5 C but not at 20 C. During the period of increasing growth potential, the oxygen consumption of the axes remained constant. It was possible to distinguish three phases of the stratification-germination process at 5 C with respect to response of the axis to gibberellic acid and kinetin. From 0 to 10 days the growth regulators had no effect on elongation; from 10 to 60 days axis elongation was stimulated; and between day 60 and day 75, when germination had begun, the growth substances were inhibitory. The adenylate energy charge remained low (0.15) in axes of dry dormant seeds but increased to 0.78 following imbibition of water and 10 days of moist storage at 5 C. This phenomenon was not specifically related to low temperature stratification, since a rapid increase in the energy charge of the axes also occurred following imbibition and moist storage at 20 C. The excised axes would elongate in response to the growth substances only when a high energy charge (approximately 0.8) was maintained.
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as half the average number of anhydride-bound phosphate groups per adenosine moiety) for the termination of dormancy is provided from several sources. Olney and Pollock (10) reported that during stratification of cherry seeds an increased rate of respiration occurred in the embryonic leaf primordia, and this was accompanied by the accumulation of phosphate within the axis in the form of sugar phosphates, high energy nucleotides, and nucleic acids. They concluded that a block in phosphate metabolism appeared to be associated with the dormant state. Pradet et al. (13) noted that the energy charge of germinating lettuce seeds was reduced under anaerobic conditions, and Simmonds and Simpson (17) found that dry storage of wild oat caryopses in an atmosphere of nitrogen resulted in a decreased rate of germination of the excised embryos in response to gibberellic acid while storage in oxygen resulted in an increased response of the embryos to gibberellic acid. Although Ching and Ching (6) recently observed a steep rise in the energy charge of embryos during stratification of ponderosa pine seeds, a causal relationship between the low temperature treatment and a high energy charge has not been established.
The objectives of the present work were to observe the response of the embryonic axis of A. saccharum to applied hormones during the various stages of stratification and to determine the effect of both low and high temperature stratification on the amounts of available energy in the adenylate system of the axis during these phases.
Seeds of Acer saccharum Marsh. have morphologically mature but dormant embryos which require a period of stratification under cold, moist conditions before germination will occur (20) . Previous work with this genus (7, 21) has shown that the stratification-germination period of intact seeds may be divided into three phases: (a) the initial phase, evidenced by a rapid rise in respiratory activity and at least partially controlled by the permeability of covering structures to water, (b) a second phase, evidenced by a plateau in respiration and water uptake and during which dormancy is probably terminated, and (c) the early germination phase. The time to radicle emergence can be shortened by treating the seeds with gibberellic acid or kinetin (21) .
Indications that A. saccharum may require a high energy charge (energy charge is defined by Atkinson and Walton [3] 'This research was supported in part by a grant from the Na- (19) . Light emissions at 550 nm were recorded on an Aminco-Bowman spectrophotofluorometer. The reaction cuvette contained 0.5 ml of sodium arsenate buffer (0.1 M, pH 7.4), 1.0 ml of luciferin-luciferase mixture, and the aqueous extract and water to a final volume of 3 ml. Standard ATP solutions in a concentration range of 1 to 100 pmoles per 3 ml of final volume gave a reproducible linear response. Extracts were prepared for determination by the luciferase test as follows: (a) ATP: 2 ml of extract were added to 0.52 ml of 0.25 M glycylglycine buffer (pH 7.0), 0.26 ml of 0.1 M magnesium sulfate, and 1.38 ml of water. (b) ATP + ADP: 2 ml of extract were added to 0.52 ml of 0.25 M glycylglycine buffer (pH 7.0), 0.26 ml of 0.1 M magnesium sulfate, 0.52 ml of creatine phosphate (1 mg/ml), 0.26 ml of creatine phosphate transferase (1 mg of enzyme + 1 mg of bovine serum albumin in 1 ml of phosphate buffer, pH 7.4), and 0.6 ml of water. (c) ATP + ADP + AMP: 2 ml of extract were added to 0.52 ml of 0.25 M glycylglycine buffer (pH 7.0), 0.26 ml of 0.1 M magnesium sulfate, 0.52 ml of creatine phosphate (1 mg/ml), 0.26 ml of creatine phosphate transferase, 0.1 ml of adenylate kinase (0.75 mg/ml), and 0.5 ml of water. Adenylate kinase was dialyzed against 50 mm potassium phosphate (pH 7.3) before use.
The three mixtures were incubated for 1 hr at 37 C. The reactions were stopped by placing tubes in boiling water for 2 min. The samples were then cooled to room temperature, and ATP was estimated. ADP and AMP were determined by difference.
Citric Acid Analysis. The citric acid content of excised axes was estimated according to the colorimetric method of Stern (18) based on the oxidation of citric acid to pentabromoacetone and conversion of the latter to a colored complex.
RESULTS
The optimum temperature for both stratification and germination of A. saccharum seeds is approximately 5 C. In the present work, growth potential, as indicated by the rate of elongation of excised axes, increased gradually after 10 days of stratification at 5 C, but growth did not occur when the seeds were stratified at 20 C (Fig. 1 ).
The oxygen consumption of axes excis-ed from seeds held at 5 C remained constant throughout the stratification period and was always lower than the values recorded during the early period of stratification at 20 C. Prolonged storage at the higher temperature resulted in a marked reduction of oxygen uptake by the excised axes (Table I) .
In order to determine the period during which the embryonic axes were responsive to growth substances, the axes were excised during stratification and placed in solutions containing 5, 50, 100, or 500 jug/ml gibberellic acid; 0.2, 2, or 20 ,g/ml kinetin; and combinations of both. Maximal growth was obtained with 100 ,ug/ml gibberellic acid and 2 ,ug/ml kinetin.
It was possible to distinguish three phases of stratification with respect to the response of the axes to the growth substances (Fig. 2) . During the first 10 days of stratification at 5 C, the growth regulators had no effect on the elongation of the excised axes (phase 1). This was followed by a period (10-60 days) in which axis elongation was stimulated, with maximal response to a combination of the growth substances occurring between day 15 and day 30 (phase 2). The requirement for exogenous growth substances was lost in the later stages of stratification (day 60 to day 75) when gibberellic acid, kinetin, or a combination of both proved inhibitory (phase 3). The inability of the axes to respond to the growth substances during phase 1 was not due to restricted water uptake as the embryo with testa removed became fully imbibed with water within 4 hr (Table II) . Neither could removal of the cotyledons be responsible at this stage, since the growth substances were also without effect when the cotyledons were left attached to the axis (Table III) . Furthermore, it would appear that the cotyledons may be a source of inhibition to axis elongation as excision of the axes from the cotyledons at a later stage in stratification rendered them more sensitive to the growth substances (Table III) .
The level of ATP was relatively low in axes taken from dry dormant seeds (Table IV) , but it increased rapidly during the first 10 days of stratification at 5 C and then leveled off for the remainder of the storage period. The levels of ADP and AMP were relatively high in the dry dormant axes (Table IV) . ADP concentration decreased during the first 10 days of stratification and thereafter remained relatively constant. The most dramatic change occurred in the level of AMP, which decreased markedly during the first days and then, like ADP, showed little change throughout the remainder of the stratification-germination period. The energy charge was very low in the axes of dry seeds, increased to a maximum by day 20, and thereafter remained relatively constant (Table IV) . During the period in which the excised axes were capable of elongation, the energy charge was approximately 0.8.
The restriction of germination at 20 C was not due to the failure of the axes to attain a high energy charge at this tem- perature. Within 3 days from the start of stratification, the energy charge had increased to 0.8, but prolonged storage at 20 C resulted in a decrease in this index (Table V) . It was also possible to correlate changes in energy charge at this temperature with the response of the axes to a combination of gibberellic acid and kinetin (Fig. 3, Table V ). Axes excised from dry dormant seeds had a low charge and did not respond to growth substances. During the period when the axes maintained a high energy charge (day 5 to day 10), the growth substances induced elongation; however, after 22 days at 20 C, the energy charge of the axes had decreased to 0.56, and the axes no longer responded to exogenous growth regulators. It is apparent, therefore, that during stratification at either 5 or 20 C, there exists a positive relationship between a high energy charge of the axes and their ability to elongate.
In an attempt to establish a causal relationship between the energy charge and growth, the energy charge of the axes was experimentally altered during stratification. Seeds were stratified for 20 days at 5 C and then transferred to anaerobic conditions for an additional 7 days. Only a slight decrease was noted in the level of ATP in the axes. The greatest changes occurred in the levels of ADP and AMP, both of which increased, resulting in a lower energy charge (Table VI) . At this stage additional axes were sampled and transferred to a solution of the combined growth substances, and elongation was recorded after 6 days at 5 C under aerobic conditions. An increase of 1.8 mm was recorded for these axes; this is significantly lower than the 2.8 mm recorded for axes taken from seeds maintained constantly under aerobic conditions. Axes of seeds which had been given 7 Elongation in response to gibberellic acid (100 jig/ml) plus kinetin (2 ,g/ml).
Atkinson (1) has suggested that the rates of the metabolic pathways that contribute both to ATP regeneration and to the supply of biosynthetic intermediates are controlled jointly by energy charge and the concentration of an indicator metabolite such as citric acid. In the present study, dry dormant axes had a high level of citrate which showed a marked decrease during the early days of stratification at both 5 and 20 C and then continued a moderate decline for the remainder of the stratification period (Table VII) . Citrate was maintained at a slightly lower level in axes of seeds held at 5 C than in those held at 20 C.
DISCUSSION
The period of stratification during which axis elongation can be promoted by exogenous growth substances is preceded by a phase in which a block to hormone action is removed. This conclusion is supported by the observation that combinations of gibberellic acid and kinetin are only effective in promoting the elongation of embryos in partially after-ripened seeds. Although imbibition of water by the intact seed is a limiting factor in the early phase of stratification (21), this does not account for the lag phase with excised axes since complete imbibition of water was attained within 4 hr (Table II) . The possibility that this lag or nonresponsive phase resulted from insufficient import of essential materials due to the excision of the cotyledons is unlikely. Intact naked seeds, stratified for 0 and 7 days, also showed no response to plant growth substances during the 6-day incubation period (Table III) . Furthermore, when seeds were after-ripened for 24 days, the cotyledons reduced the sensitivity of the axes to the growth substances.
The early phase of low temperature stratification of whole seeds appears to be associated with the production of gibberellins, cytokinins, and/or the removal of inhibitors. This conclusion is supported by the finding that seeds stratified at either 5 or 20 C responded to growth substances (Figs. 2 and 3) , but an increased growth potential was demonstrated only in axes from seeds after-ripened at 5 C (Fig. 1) . The decreased response of the axes to exogenous growth regulators after 30 days of stratification of whole seeds at 5 C was associated with the increased growth potential of the axes and may have been due to an increase in the production of these compounds, resulting in supraoptimal levels.
The oxygen consumption of excised axes of A. saccharum held at 5 C remained constant throughout the period of increasing growth potential and was lower than that of axes held at 20 C during the period in which they respond to the growth substances ( Table I ). The growth rate of the axis is therefore not positively correlated with the respiration rate, and, in fact, accelerated respiration at 20 C may have been responsible for the loss of viability of the seeds at this temperature. This is in contrast to the data presented by Pollock and Olney (12) which showed that oxygen consumption of embryonic axes of cherry seeds increased as a result of low temperature stratification. However, the embryos of cherry seeds, unlike those of A. saccharum, undergo considerable morphological development during this period.
Roberts (14) has suggested that, during after-ripening, the proportion of respiration that occurs through energy-coupled electron transport may decrease and that an increased proportion of respiration may occur through some dinitrophenol-insensitive oxidizing system. This hypothesis implies that the significance of the increased rate of oxygen uptake which occurs during the after-ripening of some seeds may be associated with the activity of new oxidative pathways rather than simply the increased activity of a particular pathway. LaCroix and Jaswal (9) reported that germination of cherry seeds appeared to be correlated with an increase in the activity of the pentose phosphate pathway in the embryonic axes. Additional support for the hypothesis was provided by the demonstration that qualitative changes in oxidative metabolism occurred in the period of constant oxygen consumption during after-ripening of wild oat caryopses (16 A decrease in the activity of ATP-generating systems by a high energy charge alone would result in the restricted production of biosynthetic intermediates at a time when the energy supply was plentiful. To avoid this situation, the energy charge regulation of such sequences needs to be supplemented by feedback modulation (1). Citrate, a negative modifier of phosphofructokinase (11), has been related explicitly to energy charge control (15) . The levels of citrate in embryonic axes of A. saccharum during stratification at either 5 or 20 C were similar, which, coupled with the patterns of energy charge at these temperatures, indicates the maintenance of similar conditions of energy metabolism.
During the early phase of stratification at 5 C, a number of physiological events occur which may partially account for the lag phase noted prior to the period in which the axes respond to growth substances. For example, during this period there is an increase in the soluble nitrogen pool (8) and a decrease in endogenous growth inhibitors (22) . Nevertheless, the demonstration that anaerobically induced lowering of the energy charge at a later period of stratification decreased the sensitivity of the axes to the growth substances and that this process was reversible confirms that a high energy charge is essential for the expression of hormonally induced elongation.
Ching and Ching (6) showed that an elevated energy charge occurred during the relatively short period of stratification required for the germination of seeds of ponderosa pine, but it cannot be claimed that this is specifically an effect of low temperature stratification as no analyses were carried out at higher storage temperatures. Axes taken from seeds of A. saccharum held at 20 C were capable of producing large amounts of ATP, resulting in a high energy charge, and so the inability of the seeds to germinate at this temperature was not the result of a block in this system. There was also a relationship between the energy charge at this temperature and the ability of the axes to respond to growth substances. It was only during the period in which a high energy charge was maintained (day 5 to day 10) that axis elongation occurred. Prolonged storage of seeds at this higher temperature resulted in a lower energy charge and loss of sensitivity to the growth substances, but it is not clear whether the decreased energy charge was the cause or the result of the loss in growth potential. The inability of seeds to germinate at 20 C may be due to the restricted production of gibberellins and cytokinins during the limited period of high energy charge. The continued maintenance of a high energy charge is essential for the completion of the stratification process and is favored by low temperature conditions.
